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Topological nodal-line semimetals are predicted to exhibit unique drumhead-like surface states
(DSS). Yet, a direct detection of such states remains a challenge. Here, we propose spin-resolved
transport in a junction between a normal metal and a spin-orbit coupled nodal-line semimetal as
the mechanism for their detection. Specifically, we find that in such an interface, the DSS induce
resonant spin-flipped reflection. This effect can be probed by both vertical spin transport and lateral
charge transport between anti-parallel magnetic terminals. In the tunneling limit of the junction,
both spin and charge conductances exhibit a resonant peak around zero energy, providing a unique
evidence of the DSS. This signature is robust to both dispersive-DSS and interface disorder. Based
on numerical calculations, we show that the scheme can be implemented in the topological semimetal
HgCr2Se4.
The discovery of topological materials has evinced
one of the main recent advances in condensed matter
physics [1–3]. Depending on whether the bulk states are
gapped or gapless, topological materials can be largely
divided into topological insulator phases [1, 2] and topo-
logical semimetal phases [4]. In both categories, the
material’s bulk bands are characterized by topological
invariants, which additionally result in gapless surface
states according to a bulk-boundary correspondence [5].
Therefore, detection of topological surface states is key
for the identification of topological materials. For insu-
lating phases, the edge/surface states are energetically
well-separated from the bulk ones, and can be read-
ily identified by transport measurement [6, 7], scanning
tunneling microscopy [8, 9] or angle-resolved photoemis-
sion spectroscopy (ARPES) [10]. Topological semimet-
als are more subtle, because the Fermi level crosses both
the bulk and the surface states. Nevertheless, extensive
progress has been achieved on the observation of exotic
Fermi arc states in Weyl/Dirac semimetals [11–13] by
ARPES [14] and transport measurements [15].
Recently, another kind of topological semimetal, nodal
line semimetal (NLS), has attracted increasing research
interests [16–33]. These 3D materials are characterized
by band crossings along closed loops, with each loop car-
rying a pi Berry flux [16]. A direct result of the NLS
band-topology is the existence of drumhead-like surface
states (DSS) nestled inside the projection of the nodal
loops onto the 2D surface Brillouin zone [20]. There is
a variety of candidates for NLS [17–29], and their exper-
imental characterization has seen recent progress using
ARPES [29, 34–37] and quantum oscillation [38–41] mea-
surements. However, a direct evidence of the novel DSS,
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FIG. 1: (Color online). (a) Schematic illustration of a junc-
tion between a normal metal and a nodal line semimetal
(NLS). The drumhead-like surface states at the boundary are
encircled by the projection of the bulk nodal loop onto the
surface Brillouin zone. Whenever, an incident electron from
the metal is reflected, its spin is flipped when the transverse
momentum lies inside the drumhead. The inset shows the
kz-dependent energy bands of effective 1D channels in the z-
direction when the transverse momentum k‖ lies inside (blue
solid lines) and outside (red dashed lines) the drumhead. (b)
Probability of spin-flipped reflection at the boundary between
the materials as a function of energy with following param-
eters: θ = pi/6, kF = 1.1k0 = 1.54, C = B = 1, λ = 0.01,
cf. Eq. (2).
the hallmark of NLS, is still missing: in the ARPES ex-
periments, the surface states are veiled in the bulk bands,
which can only be identified via a comparison with the
results of a first-principles’ calculation; the experiments
on quantum oscillations only focus on bulk states, so that
no information on the surface states can be extracted.
In this work, we propose two types of transport exper-
iments for the detection of the DSS. These experiments
rely on the spin-resolved scattering in a junction between
a normal metal and a NLS, see Fig. 1(a). The DSS in-
duce a resonant spin-flipped reflection (RSFR) for spin-
polarized (along the z-axis) electrons incident from the
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2normal metal. This effect manifests in a nearly-pure spin
current flowing perpendicular to the junction [Fig. 2(a)],
or in a lateral charge transport between two anti-parallel
magnetic terminals [Fig. 2(d)]. In the tunneling limit,
both setups show a resonant peak in their spin/charge
conductances around the energy level of the nodal loop,
that can serve as a direct evidence of the DSS. We ana-
lytically detail our predictions in a minimal NLS model
and numerically demonstrate these signatures for a real
material HgCr2Se4 [42].
We consider spin-polarized electrons incident in the z-
direction, see Fig. 1(a). We assume that the incident
electron-spin is polarized in the z-direction and is injected
into the metal (z < 0) by a ferromagnetic lead. In the
z > 0 region, we use a minimal continuous model to
describe the nodal-line semimetal as
HSM(k) = λkzσx +B(k
2
0 − |k|2)σz, (1)
where |k|2 = k2x + k2y + k2z is the total momentum
squared and the Pauli matrices σx,z operate in the spin
space. The Hamiltonian (1) has eigenvalues E± =
±
√
λ2k2z +B
2(k20 − |k|2)2 and corresponding eigenstates
|u±(k)〉. The resulting two bands are degenerate at
k2x + k
2
y = k
2
0 and kz = 0, thus defining a nodal loop
in momentum space, see Fig. 1(a). Considering the
transverse wavevector k‖ = (kx, ky) as a parameter, the
Hamiltonian (1) describes an effective 1D system in the
z-direction. Whenever k‖ lies inside the nodal loop,
that is
∣∣k‖∣∣ < k0, the effective 1D system is insulat-
ing with an energy gap ∆(k‖) = λk′0 opening around
kz = k
′
0 =
√
k20 −
∣∣k‖∣∣2, see inset of Fig. 1(a). The gap
varies with k‖, and reaches its maximum ∆0 = λk0 at
k‖ = 0. Interestingly, the effective 1D model has a non-
trivial band topology that is characterized by the Berry
phase γB = pi, with γB = i
∫∞
−∞ dkz〈u−(k)|∂kz |u−(k)〉
[3, 26]. In the presence of chiral symmetry, such nontriv-
ial topological winding implies the appearance of a zero-
energy end-state at an open boundary [43, 44]. As k‖
varies inside the nodal loop, these topological end-states
appear and form the DSS, which are encircled by the pro-
jection of the nodal loop onto the surface Brillouin zone,
see Fig. 1(a). When the transverse wavevector k‖ lies
outside the nodal loop, the effective 1D system becomes
a trivial insulator with an energy gap around kz = 0 [in-
set of Fig. 1(a)], and no surface states show up at an
open boundary.
In the z < 0 region, lies the spin-degenerate normal
metal, described by the Hamiltonian HNM = C |k|2−µ0,
where C is a mass dependent parameter and µ0 is the
chemical potential corresponding to the Fermi wavevec-
tor |kF | =
√
µ0/C. The interface scattering is consid-
ered using a Dirac-type barrier Uδ(z). The scattering
of the incident electron from the normal metal onto the
NLS is solved by substituting kz = −i∂z and keeping k‖
a good quantum number [45]. Importantly, we obtain
that incident spin-up electrons with |k‖| < k0 engender
a spin-flipped reflection amplitude [45]
rf = − 4
(η + 1/η + iZ ′)2Υ1 + (η − 1/η + iZ ′)2/Υ1 , (2)
where η =
√
vNM/vSM is the square root of the ratio of
perpendicular velocities in the normal metal and NLS,
with vNM = 2C |kF | cos θ and vSM = 2Bk′0, respectively,
θ is the electron’s incident angle (relative to the z-axis),
Z ′ = 2U/
√
vNMvSM is a dimensionless interface barrier
height, and Υ1 = [E + B(k
2
1 − k′20 )]/(k1λ) with k1 =√
k′20 − (λ2 −
√
4E2B2 + λ4 − 4λ2B2k′20 )/(2B2).
The obtained spin-flipped reflection probability, Rf =
|rf |2, exhibits a sharp resonant peak around zero energy
in the tunneling limit (Z ′  1), see Fig. 1(b) [46]. This
result can be understood by rewriting Eq. (2) in the tun-
neling limit as a summation over Feynman paths con-
structed by multiple reflection between the barrier and
the NLS surface [45, 47]. It turns out that the condition
of RSFR is identical to the Bohr-Sommerfeld quantiza-
tion condition for a surface bound state, which indicates
that the RSFR is directly induced by the topological sur-
face state.
Moreover, this scenario can also be understood by
a tunneling Hamiltonian description. In the tunnel-
ing limit, for each 1D channel inside the nodal loop
(|k‖| < k0), we can use a tunneling Hamiltonian to de-
scribe the coupling between the DSS and the normal
metal as HT =
∑
kz
Vk(c
†
k↑ + ic
†
k↓)γk‖ + H.c., where
γk‖ =
∫
dz
f∗k‖ (z)√
2
[
ψ↑(z) − iψ↓(z)
]
is the Fermi operator
for the DSS exhibiting some spatial distribution fk‖(z),
ck↑,↓ are annihilation operators of electron in the normal
metal, and Vk is the coupling strength [45]. The DSS are
spin-polarized along the y-direction [45], thus resulting in
an equal coupling strength to both spin states in the nor-
mal metal. Such a tunneling Hamiltonian has the same
form as that of a resonant tunneling through a single-
level system [48], when we regard the two spin-states
in the normal metal as two spinless leads and the sur-
face state in each k‖-channel as the single-level. A direct
calculation leads to a result of RSFR with a Lorentzian
form, i.e., Rf (E) = Γ
2/(E2 + Γ2) (Γ is level-width func-
tion) [45], which is consistent with the result in Fig. 1(b).
We propose two experimental schemes to probe the
RSFR: (i) vertical spin transport in the setup in Fig.
2(a), and (ii) lateral charge transport in the setup in
Fig. 2(d). For scheme (i), spin-polarized electrons are
injected from a ferromagnetic lead, and then reflected
with spin-flipping at the junction. The resulting nearly-
pure spin current can be measured as a spin Hall voltage
VSH [49] in the inverse spin Hall effect [50, 51], see Fig.
2(a). For scheme (ii), charge current flows between two
anti-parallel magnetic terminals, which cannot happen
without the spin-flipped reflection. The RSFR can be
well characterized in both setups by a resonant peak in
the spin/charge conductances.
The spin current in setup (i) is defined as Is = I↑− I↓,
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FIG. 2: (Color online). (a) Setup for spin transport DSS-detection. A normal metal with weak spin-orbit coupling, such as
Al, Au, is fabricated into a Hall cross. Spin-up electrons are injected from a ferromagnetic metal (FM). The inverse spin Hall
effect in the normal metal results in a transverse drift of electrons, yielding a transverse voltage drop VSH between two Hall
probes [50, 51]. (b) Spin (thick lines) and charge (thin lines) conductance for different interface barrier heights, cf. Eq. (3).
Inset: Zoom of the sharp peak with Z = 8. (c) Effect of finite dispersion of the DSS on spin conductance with Z = 10. (d) Setup
for charge transport DSS-detection. The polarizations of the FM leads are taken to be antiparallel and transport through the
device is possible only due to spin-flipping processes at the metal-NLS boundary. (e) Charge conductance for different interface
barrier heights. (f) Effect of finite dispersion of the DSS on charge conductance with Z = 2. All other parameters are the same
as those taken in Fig. 1.
where Iσ with σ =↑, ↓ are spin-polarized currents flowing
in the z-direction. In order to generate the spin Hall volt-
age, the spin is polarized along the x-direction, see Fig,
2(a). In the RSFR regime, incident and reflected elec-
trons have opposite spin polarizations as well as opposite
velocities. Consequently, the RSFR enhances the spin
current, while the charge current I = I↑ + I↓ is strongly
suppressed. This results in a nearly-pure spin current
flowing in the normal metal. To reveal the energy depen-
dence of the spin transport, we calculate the differential
spin conductance Gs(eV ) = ∂Is/∂V [52] using
Gs(E) = G0
∫ pi/2
0
dθ sin 2θ[1+Rf (θ,E)−Rc(θ,E)], (3)
where G0 =
Ak2F
4pi
e2
h is the single-spin conductance of the
uniform normal metal with a cross-section area A, and
Rc = |rc|2 is the probability of spin-conserved reflection.
The spin conductance Gs as a function of the bias voltage
eV for different barrier strengths Z = U/
√
C|kF |Bk0 is
plotted in Fig. 2(b). In the transparent case (Z = 0), Gs
exhibits a heightened ridge in the region eV ∈ (−∆0,∆0),
corresponding to strong spin-flipped reflection below the
gap ∆0 [Fig. 1(b)]. As Z increases, a narrower peak
forms and moves towards zero energy, as expected for
RSFR. At the same time, the height of the peak reduces
because the RSFR peaks become sharper in all transport
channels [Fig. 1(b)], and the resonant energies do not
match one another. Note that although the reduced spin
conductance becomes small in the tunneling limit, the ab-
solute value of Gs around the resonant peak is still quite
large. Concurrently, the charge conductance G = ∂I/∂V
becomes much smaller than Gs within the gap, indicat-
ing a high-purity spin current, see Fig. 2(b). Outside
the gap, Gs and G tend to be equal, and transmission
through the barrier (rather than RSFR) dominates the
transport.
In real materials, chiral symmetry is usually broken on
the open surface, and the DSS are commonly dispersive.
To model this effect, we add a spin independent term
ε(k‖) = A1(
∣∣k‖∣∣2 − k20) to Eq. (1). This introduces a
band width δ = A1k
2
0 to the DSS. Such a k‖-dependent
potential leads to further separation of RSFR levels in
different channels. As a result, the peak of Gs is broad-
ened and also shifted, as shown in Fig. 2(c). In the
tunneling limit, the width of the resonant peak is ap-
proximately equal to the width of the surface band δ, so
that the bandwidth of the DSS can be directly inferred
from the width of the resonant peak in Gs [45], see also
4Figs. 2(f) and 3(b,d).
The charge current in setup (ii) [Fig. 2(d)] flows in
the normal metal in the x-direction, parallel to the inter-
face of the junction. The normal metal is sandwiched by
two anti-parallel ferromagnetic terminals. Without spin-
flipped reflection at the junction, electrons injected from
one terminal cannot enter the other. Therefore, setup
(ii) can be used to detect the RSFR. The conductance
G is calculated numerically (using Kwant [3]) based on
a lattice version of our model [45], see Fig. 2(e). The
conductance is normalized by G0, the single-spin con-
ductance in the x-direction through the normal metal.
In the transparent limit of the junction (Z = 0), elec-
trons transport in the energy window eV ∈ (−∆0,∆0),
corresponding to the energy scale of spin-flipped reflec-
tion. As Z increases, G exhibits a sharp peak around
zero energy, which signals the RSFR. In the setup in Fig.
2(d), multiple scattering occurs at all the surfaces of the
normal metal, so that the conductance shows fluctuation.
The effect of finite dispersion of the DSS is also investi-
gated, and the results are shown in Fig. 2(f). It shifts
and spreads the resonant peak, similar to the results re-
ported for the spin transport in scheme (i), cf. Fig. 2(c).
In realistic setups, there would be several additional
imperfections that should be taken into account, such as
interface imperfections and nonpure spin injection [54].
In experiments, interface imperfections commonly exist,
such that the clean tunneling limit is difficult to obtain.
For both transport schemes, we numerically investigate
this effect by introducing interface disorder (see Fig. S.2
in the Supplemental Material [45]). One can see that
apart from some broadening of the general features, the
resonant peak in the spin/charge conductances are ro-
bust to strong disorder with the strength close to the
interface barrier, reflecting the robustness of topologi-
cal DSS. Similarly, spin-polarization averaging leads to
an overall reduction prefactor that does not qualitatively
change the overall transport signatures [45].
Our analysis has, thus far, relied on a minimal NLS
model (1). For experimental realizations, we consider
the topological semimetal HgCr2Se4 [42] as a promising
candidate. In the |J,MJ〉 basis | 32 , 32 〉 = 1√2 |(X + iY ) ↑〉
and |S, ↓〉, an effective two-band model for HgCr2Se4 can
be written as
HHCS(k) =
(
B(k20 − |k|2) Dkzk2−
Dkzk
2
+ −B(k20 − |k|2)
)
, (4)
with k± = kx ± iky. The eigenenergies of this model
are E′± = ±
√
B2(k20 − |k|2)2 +D2k2z
∣∣k‖∣∣4. Therefore,
the gap closes along exactly the same nodal line as that
of the minimal model (1). For each k‖-channel, the ef-
fective gap is ∆′(k‖) = Dk′0
∣∣k‖∣∣2, and its maximum is
∆′0 = 2Dk
3
0/(3
√
3) when |k‖| =
√
2/3k0. Additionally,
the model (4) exhibits two Weyl nodes in the z-axis at
kz = ±k0. The Weyl nodes only introduce a single gap-
less 1D channel, and the corresponding Fermi-arc sur-
face states do not appear at an open boundary in the z-
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FIG. 3: (Color online). Numerical results for HgCr2Se4. Spin
conductance of vertical spin transport for different (a) inter-
face barriers, and (b) dispersions of DSS (with Z = 2). Inset
in (a): Zoom of the peak structure with Z = 8. Charge
conductance of lateral charge transport for different (c) inter-
face barriers, and (d) dispersions of DSS (with Z = 2). All
the parameters are the same as those in Fig. 1, except that
D = 0.01/k20.
direction, so that the DSS remains the dominating trans-
port effect at a metal-NLS junction in Fig. 1(a).
We numerically calculate the spin/charge conduc-
tances in schemes (i) and (ii) [Figs. 2(a) and 2(d)] for
lattice version of Eq. (4) [45]. All the results agree well
with those of the minimal model. Gs and G for different
barrier heights are shown in Figs. 3(a) and 3(c). For
a transparent junction, Gs is heightened and G has a
peak spreading in the energy window eV ∈ (−∆′0,∆′0),
which is generated by the spin-flipped reflection. As Z
increases, a resonant peak shows up, indicating the DSS
induced RSFR. The effect of dispersive-DSS is shown in
Figs. 3(b) and 3(d) and leads to widening of the RSFR
peak. The resonant peak is robust against interface dis-
order and nonpure spin injection [45].
It is worthwhile to compare the DSS induced RSFR
with other spin relaxation processes. Most spin relax-
ation mechanisms can only lead to weak dissipation of
spin signatures [55], strongly different from the RSFR-
induced enhancement of the spin signature. Consider,
for example, spin-flipped scattering induced by magnetic
impurities at the interface of the junction: in order to
obtain a comparable resonance strength, a high density
of impurities with the same energy level is required. Sim-
ilarly, the electrons will have a very small rate of collid-
ing with bulk impurities due to the vanishing density of
states in the bulk of the NLS.
To conclude, we have shown that resonant spin-flipped
reflection can serve as an unambiguous evidence of the
drumhead-like surface states in the spin-orbit coupled
5nodal-line semimetal. Recent experimental progress on
spin-resolved transport in HgCr2Se4 [56] paves the way
to the realization of our proposal. Our analysis can be ex-
tended to other types of nodal-line semimetals, i.e., both
to additional materials but also engineered systems such
as photonic nodal-line systems.
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7I. SUPPLEMENTAL MATERIAL FOR “PROPOSAL FOR DETECTING NODAL-LINE SEMIMETAL
SURFACE-STATES WITH RESONANT SPIN-FLIPPED REFLECTION”
A. Effective continuous model and scattering approach
In order to solve the scattering problem in a junction between a normal metal and a NLS, we write the Hamiltonian
of the whole system in real space in the z-direction. Substituting kz = −i∂z and keeping k‖ as a parameter, the
system can be described by an effective 1D Hamiltonian
H(z,k‖) = −∂zC(z)∂z − µ(z,k‖) + Uδ(z)
− i
2
{λ(z), ∂z}σx + [B(z)k′20 + ∂zB(z)∂z]σz
(S.1)
where C(z) = Cθ(−z), µ(z,k‖) = (µ0−C|k‖|2)θ(−z) is the effective chemical potential, λ(z) = λθ(z), B(z) = Bθ(z),
and Uδ(z) is the interface barrier of Dirac type. Note that all the parameters are spatially varying. In order to keep
the Hermiticity of the Hamiltonian, all terms in Eq. (S.1) are symmetrized (cf. Refs. [1, 2] for more details on the
method). A solution, ψ, to this scattering problem obeys certain boundary conditions in the z-direction. Assuming
ψ to be continuous at the interface z = 0, and integrating Eq. (S.1) across the interface, one reaches the following
boundary conditions
ψ(0+) = ψ(0−),
Bσzψ
′(0+) + Cψ′(0−) = (
i
2
λσx − U)ψ(0).
(S.2)
Such boundary conditions guarantee current conservation in the z-direction at the interface, that is, JSM = JNM,
where the currents in the normal metal and NLS are JNM = 2CIm(ψ†∂zψ) and JSM = λψ†σxψ − 2BIm(ψ†σz∂zψ),
respectively.
For a spin-up (in the z-direction) electron with |k‖| < k0 incident from the normal metal (z < 0) with an incident
angle θ (relative to the z-axis), the scattering states in the two regions are
ψ(z ≤ 0) =
[(
1
0
)
eik⊥z +
(
rc
rf
)
e−ik⊥z
]
eik‖r‖
ψ(z > 0) =
[
t1
(
u1
v1
)
eik1z + t2
(
u2
v2
)
eik2z
]
eik‖r‖ ,
(S.3)
where the perpendicular and parallel wave vectors of the incident electron are k⊥ = |kF | cos θ and k‖ = |kF | sin θ
with kF the Fermi wavevector in the normal metal and |kF | =
√
µ0/C. The transmitted wavefunctions are defined
through Υ1,2 = v1,2/u1,2 = [E + B(k
2
1,2 − k′20 )]/(k1,2λ), and the wavenumbers k1,2 in the z-direction are determined
by k21,2 = k
′2
0 − (λ2 ∓
√
4E2B2 + λ4 − 4λ2B2k′20 )/(2B2). The signs of the wave vectors are chosen such that the
transmission waves either propagate freely or decay in the z-direction, depending on whether the incident energy is
above or below the energy gap. Scattering amplitudes rc and rf refer to spin-conserved and spin-flipped reflection,
respectively, and t1,2 are the transmission amplitudes.
Generally, by inserting Eq. (S.3) into Eq. (S.2), we obtain an analytical solution for all the scattering amplitudes.
The expressions, however, are quite unwieldy and to obtain a simple solution, we first take the limit λ Bk′0. Then
Υ1Υ2 = −1, and the second boundary condition in Eq. (S.2) reduces to Bσzψ′(0+) + Cψ′(0−) = Uψ(0). Inserting
the wave function (S.3) into the boundary conditions, we obtain the amplitude of spin-flipped reflection
rf = − 4
(η + 1/η + iZ ′)2Υ1 + (η − 1/η + iZ ′)2/Υ1 , (S.4)
where η =
√
vNM/vSM is the square root of the ratio of perpendicular velocities in the normal metal and NLS, with
vNM = 2C|kF | cos θ and vSM = 2Bk′0, respectively, and Z ′ = 2U/
√
vNMvSM is the dimensionless barrier strength. The
amplitude rc of spin-conserved reflection can be similarly obtained.
B. Feynman path explanation
DSS induced RSFR can be understood by rewriting rf as a summation over Feynman paths. In the tunneling limit
(Z ′  1), the value of η is not important, so that it can be set to unity for simplicity. The amplitude of spin-flipped
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FIG. S.1: (Color online). Correspondence between DSS and RSFR. The solid and dashed lines with arrows denote the
propagations of spin-up and spin-down electrons, respectively. (a) RSFR interpreted by Feynman path summation. Trajectories
in the dashed area form the basic scattering loop. (b) Topological end state [DSS (kx, ky)] can be understood as a bound state
(red line segment) confined by the NLS and the vacuum (Vac). Trajectories in the dashed area satisfy the Bohr-Sommerfeld
quantization condition for the bound state.
reflection reduces to
rf = − 4
(2 + iZ ′)2Υ1 − Z ′2/Υ1 . (S.5)
This result can also be obtained by a Feynman path summation over all possible scattering processes between the
barrier and the surface of the NLS, as shown in Fig. S.1(a). The barrier lies inside the normal metal and is
infinitesimally close to the NLS. The lowest order contribution to rf is composed of two transmission processes at the
barrier and one spin-flipped reflection at the NLS surface. Higher-order contributions contain an integer number of
basic scattering loops, as sketched in Fig. S.1(a). The final amplitude of spin-flipped reflection is a summation over
all of these processes, yielding
rf = t
2r0f
[
1 + r2r0f r˜
0
f + (r
2r0f r˜
0
f )
2 + · · · ] = t2r0f
1− r2r0f r˜0f
, (S.6)
where the amplitudes of spin-flipped reflection r0f = −1/Υ1 = −e−i cos
−1(E/∆) and r˜0f = −r0f correspond to spin-up
and spin-down incident electrons in the transparent barrier limit (Z ′ = 0, η = 1); t =
√
Teiα = [1 + iZ ′/2]−1 and
r = −√Reiβ = t − 1 are amplitudes of transmission and reflection by the barrier in the normal metal. Inserting all
of the parameters into Eq. (S.6), we obtain the same result as Eq. (S.5).
The advantage of using the expression (S.6) is that the energy level of the RSFR can be easily extracted, by
setting the denominator of rf to zero, i.e., by imposing r
2r0f r˜
0
f = 1. For Z
′  1, the condition for RSFR reduces
to cos−1(E/∆) = β + pi/2. As the barrier height increases to infinity, the phase β decreases to zero, leading to a
zero-energy resonance.
Note that the condition of RSFR is identical to the Bohr-Sommerfeld quantization condition for a surface bound
state, Arg(r2r0f r˜
0
f ) = 2npi, see Fig. S.1(b). Such correspondence between the RSFR and the periodic boundary
condition for the bound state indicates that the RSFR is directly induced by the topological surface states, thus
providing an effective way to detect the DSS.
C. Tunneling Hamiltonian description of RSFR induced by DSS
In this section, we present a tunneling Hamiltonian description of DSS induced RSFR. This method depends only
on the low energy physics of the DSS, irrespective of the specific physical system, i.e., it reveals the universality of
the DSS induced RSFR.
9First, we solve the zero-energy end state localized around the open boundary z = 0 for the semi-infinite NLS
(z > 0). Taking kx, ky as parameters, the Hamiltonian in Eq. (1) in the main text can be interpreted as an effective
1D Hamiltonian in the z-direction as
HSM(z,k‖) = λkzσx +B(k′20 − k2z)σz. (S.7)
Substituting kz = −i∂z, we obtain the equation for the zero-energy wave function[− iλ∂zσx +B(k′20 + ∂2z )σz]φk‖(z) = 0. (S.8)
Multiplying σx from the left-hand side, we obtain
∂zφk‖(z) = −
B
λ
(k′20 + ∂
2
z )σyφk‖(z). (S.9)
We choose the wave function to be an eigenstate of σy, that is φk‖(z) = χηfk‖(z), with σyχη = ηχη(η = ±1). Then
the differential equation reduces to
∂zfk‖(z) +
ηB
λ
(k′20 + ∂
2
z )fk‖(z) = 0. (S.10)
Taking the trial wavefunction fk‖(z) ∝ e−κz, yields the secular equation
Bκ2 − ηλκ+Bk′20 = 0. (S.11)
The two roots of the secular equation satisfy κ+ +κ− = ηλ/B and κ+κ− = k′20 . The boundary conditions for the end
state are
fk‖(z = 0) = 0, fk‖(z = +∞) = 0. (S.12)
The second boundary condition requires that both roots should be positive, that is κ± > 0, so that the wavefunction
decays to zero at infinity. Taking λ,B to be positive, that means η = +1, and k′20 = k
2
0 − |k‖|2 > 0. Therefore, the
end state has a spin polarization along the y-direction. This procedure can be applied to all k‖ channels, i.e., to all
states that are encircled by the projection of the nodal loop onto the surface Brillouin zone, leading to the conclusion
that the DSS are spin-polarized in the y-direction. With the help of the first boundary condition, the wave function
of the zero-energy end state can be obtained as
φk‖(z) =
fk‖(z)√
2
(
1
i
)
, (S.13)
with fk‖(z) = C0(e
−κ+z − e−κ−z) being the normalized spatial wavefunction, and κ± = λ/2B ±
√
(λ/2B)2 − k′20 .
Now we are ready to introduce the tunneling Hamiltonian describing the coupling between the normal metal and
the DSS. As long as |k|2 < k20, there exists a zero-energy end state for this channel. The corresponding Fermi operator
can be defined as
γ†k‖ =
∫
dz
fk‖(z)√
2
[
ψ†↑(z) + iψ
†
↓(z)
]
, (S.14)
and the Hamiltonian for the end state (E0 = 0) is
H0 = E0γ
†
k‖
γk‖ . (S.15)
The Hamiltonian for the transport channel (kx, ky) in the normal metal is
HNM =
∑
kz,σ=↑↓
εkc
†
kσckσ, (S.16)
with εk = C|k|2 − µ0. The coupling between the end state and the normal metal can be described by
HT =
∑
kz,σ=↑↓
∫
dz
[
tk(z)c
†
kσψσ(z) + H.c.
]
(S.17)
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Since we focus on low-energy scales well below the gap ∆(k‖) = λk′0, we can project the field operator ψ(z) = (ψ↑, ψ↓)
T
onto the zero-energy bound state as
ψ(z) ≈ γk‖φk‖(z). (S.18)
Then the tunneling Hamiltonian reduces to
HT =
∑
kz
Vk(c
†
k↑ + ic
†
k↓)γk‖ + H.c., (S.19)
where Vk =
∫
dztk(z)fk‖(z)/
√
2.
The full retarded and advanced Green’s function for the end state can be solved based on the tunneling model, and
the result is
GR/Aγ =
1
ω − E0 − ΣR/A↑ − ΣR/A↓
, (S.20)
with the self-energies contributed by both spin states in the normal metal being
Σ
R/A
↑ = Σ
R/A
↓ =
∑
kz
|Vk|2
ω − εk ± iδ . (S.21)
Given that the coupling strength Vk is slowly varying with kz, we can neglect the real part of Σ
R/A
↑,↓ , so that
Σ
R/A
↑,↓ ' ∓i
∑
kz
pi|Vk|2δ(ω − εk) = ∓iΓ↑,↓/2, (S.22)
where Γ↑ = Γ↓ = Γ is the level-width function. The probability of spin-flipped reflection can be obtained by
Rf (E) = Γ↑GAγ (E)Γ↓G
R
γ (E) =
Γ2
(E − E0)2 + Γ2 . (S.23)
Because the coupling strengths between the end state and both spin states are equal, the spin-flipped reflection
probability has a Lorentzian form, with a resonance at E = E0 = 0. If we keep the small real part of the self-energy,
then the resonance will deviate from zero energy by a small value. In the tunneling limit Γ→ 0, the resonant energy
level tends to zero energy, which is consistent with Fig. 1(b) in the main text. Such a resonance occurs for all (kx, ky)
channels, contributing to the final resonant peak in the conductance spectra.
Based on the tunneling Hamiltonian description, one can see that the result of DSS induced RSFR is quite general,
independent on the type of the nodal line and the specific distribution of the DSS in the surface Brillouin zone.
D. Effect of surface dispersion
In real materials of NLS, the DSS are commonly dispersive. To include this effect, we add a spin-independent term
ε(k‖) to the Hamiltonian of the NLS. Such a term is nothing but a k‖-dependent potential. As a result, the energy
of the end state in each k‖-channel is shifted from zero by ε(k‖). Here, we investigate the effect of finite dispersion of
the DSS on the vertical spin transport scheme [Fig. 2(a) in the main text]. In the tunneling limit, the spin-relevant
transport is dominated by DSS induced RSFR below the gap ∆0. The spin conductance can be evaluated by
Gs(E) =
e2
h
2A
(2pi)2
∫ ∫
|k‖|<k0
dkxdkyRf
(
E − ε(k‖)
)
. (S.24)
Rewriting the integral over energy, yields
Gs(E) =
2e2
h
∫
dεN(ε)Rf
(
E − ε), (S.25)
where N(ε) = A2pi
|k‖|(ε)
∂ε/∂|k‖| is the density of DSS. We assume that the DSS have finite density of states within the
energy interval ε ∈ [ε1, ε2]. In the tunneling limit, Rf (E) possesses a narrow peak structure around zero energy, cf.
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Fig. 1(b) in the main text. Therefore, the above expression has a considerable weight only in the energy window
E ∈ [ε1, ε2], which means the width of the resonant peak is approximately equal to the width of the surface band,
δ = ε2 − ε1. In the main text, we adopt a specific example ε(k‖) = A1(
∣∣k‖∣∣2 − k20) to simulate this effect, with the
corresponding density of DSS, N(ε) = A/(4piA1), and ε1 = −δ, ε2 = 0. Consequently, the spin conductance reads as
Gs =
e2
h
A
2piA1
∫ 0
−δ
dεRf (E − ε). (S.26)
The resulting Gs has considerable contributions only in the energy interval E ∈ [−δ, 0], which characterizes the width
of the resonant peak, consistent with the numerical results in Figs. (2) and (3) in the main text.
E. Lattice model and numerical simulation
The numerical calculations reported in the main text are performed using KWANT[3] and based on lattice versions
of the main models in the main text. For the minimal model in Eq. (1) in the main text, the mapping to a cubic
lattice is obtained by substituting ki → 1a sin kia and k2i → 2a2 (1 − cos kia). Performing Fourier transformation, we
obtain the following tight-binding Hamiltonian
H lattSM =
∑
i
B(k20 −
6
a2
)c†iσzci +A1(
4
a2
− k20)c†i ci
+
∑
i
λ
2a
e−
pi
2 ic†iσxci+azˆ + H.c.
+
∑
i
B
a2
(c†iσzci+axˆ + c
†
iσzci+ayˆ + c
†
iσzci+azˆ) + H.c.
−
∑
i
A1
a2
(c†i ci+axˆ + c
†
i ci+ayˆ) + H.c..
(S.27)
Similarly, the lattice model for the normal metal is
H lattNM =
∑
i
(
6C
a2
− µ0)c†i ci
−
∑
i
C
a2
(c†i ci+axˆ + c
†
i ci+ayˆ + c
†
i ci+azˆ) + H.c.,
(S.28)
and the lattice Hamiltonian for the HgCr2Se4 model in Eq. (4) in the main text becomes
H lattHCS =
∑
i
D
2a3
[e−(pi/2)ic†iσxci+ayˆ+azˆ + e
−(pi/2)ic†iσxci−ayˆ+azˆ
+ e(pi/2)ic†iσxci+axˆ+azˆ + e
(pi/2)ic†iσxci−axˆ+azˆ] + H.c.
+
∑
i
D
4a3
[e(pi/2)ic†iσyci+axˆ+ayˆ+azˆ + e
(pi/2)ic†iσyci−axˆ−ayˆ+azˆ
+ e(pi/2)ic†iσyci−axˆ+ayˆ−azˆ + e
(pi/2)ic†iσyci+axˆ−ayˆ−azˆ] + H.c.
+
∑
i
B
a2
(c†iσzci+axˆ + c
†
iσzci+ayˆ + c
†
iσzci+azˆ) + H.c.
+
∑
i
B(k20 −
6
a2
)c†iσzci +A1(
4
a2
− k20)c†i ci
−
∑
i
A1
a2
(c†i ci+axˆ + c
†
i ci+ayˆ) + H.c..
(S.29)
The lattice constant is set to unity, a = 1, and all physical parameters are chosen to be dimensionless. Two
transport schemes with setups shown in Figs. 2(a) and 2(d) in the main text are studied.
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FIG. S.2: (Color online). Interface disorder effect on the spin (a, b) and charge (c, d) transport schemes. (a) and (c) are
calculated by the minimal model; (b) and (d) are calculated by the HgCr2Se4 model. The interface barrier is Z = 4, and all
the other parameters are the same as those in the main text.
(1) For the vertical spin transport in the z-direction, the lattice is built into the junction in Fig. 1(a) in the main
text. The cross-section of the junction in the x−y plane has the size 20a×20a. Spin polarized current is injected, and
the final spin current is contributed by the incident and reflected electrons. The interface barrier U = Z
√
C|kF |Bk0
is simulated by the on-site potential at the interface monolayer of the junction.
(2) For the lateral charge transport, the cross-section of the junction in the x− y plane has the size 20a× 20a, and
the thickness of the normal metal in the z-direction is 15a. Two ferromagnetic terminals are attached to the normal
metal, with the same width and thickness. The chemical potentials in the ferromagnetic terminals are set to zero,
µ0 = 0. Two terminals have opposite Zeeman terms ±Mσz, with a spin splitting of M = 4.
For both minimal model and HgCr2Se4 model, the geometrical parameters of the setups are the same.
F. Effect of interface disorder
For real samples, interface disorder may exist. We simulate this effect by introducing uncorrelated Gaussian disorder
with strength W (in the same unit of U) to the interface monolayer. The results for both transport schemes, and
both minimal and HgCr2Se4 models are shown in Fig. S.2. One can see that the resonant peaks are robust against
the disorder.
G. Effect of imperfect spin injection
Without loss of generality, we assume the injected spin to be oriented in the z-direction. Imperfect spin injection can
be treated as a weighted initial spin state a = (a↑, a↓)T = (cos θ
′
2 e
iϕ′ , sin θ
′
2 )
T with a distribution function f(θ′, ϕ′).
The spin conductance is then calculated by a weighted average over f(θ′, ϕ′). We assume f(θ′, ϕ′) = f(θ′)/(2pi) is
independent of ϕ′ so that the net spin polarization is still in the z-direction. Below the energy gap ∆(k‖) where
spin-flipped reflection dominates the spin transport, the incident spin state a = (a↑, a↓)T and reflected spin state
b = (b↑, b↓)T are related by the unitary reflection matrix as bT = RaT, with R(k‖, E) =
(
rc rf
−rf r∗crf/r∗f
)
. The spin
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conductance is contributed by all k‖ channels with an average over the injected spin state, yielding
Gs =
e2
h
A
(2pi)2
∫ ∫
dkxdky
∫ pi
0
dθ′
∫ 2pi
0
dϕ′f(θ′, ϕ′)Tr
[
a∗(σz −R†σzR)a
]
=
e2
h
A
(2pi)2
∫ ∫
dkxdky
∫ pi
0
dθ′f(θ′) cos θ′(1 +Rf −Rc)
= Λ
e2
h
A
(2pi)2
∫ ∫
dkxdky(1 +Rf −Rc); Λ =
∫ pi
0
dθ′f(θ′) cos θ′.
(S.30)
As a result, the effect of the imperfect spin injection is an overall prefactor Λ, which will not change the signature of
RSFR. For a perfect spin injection, f(θ′) = δ(θ′), and the spin conductance reduces to Eq. (3) in the main text.
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